On the mesoscopic scale, electromagnetic forces are of fundamental importance to an enormously diverse range of systems, from optical tweezers to the adhesion of gecko toes. Here we show that a strong light-driven force may be generated when a plasmonic metamaterial is illuminated in close proximity to a dielectric or metal surface. This near-field force can exceed radiation pressure and Casimir forces to provide an optically controlled adhesion mechanism mimicking the gecko toe: At illumination intensities of just a few tens of nW/μm 2 it is sufficient to overcome the Earth's gravitational pull.
In various guises, electromagnetic forces are extremely important in mesoscopic systems: They are exploited in all forms of optical tweezing, manipulation, and binding, [1] [2] [3] [4] in optomechanical photonic devices, [5] [6] [7] [8] [9] [10] [11] and may offer a mechanism of "quantum lubrication" between surfaces 12 ; The fact that light exerts pressure upon any surface exposed to it (deduced theoretically by James Clerk Maxwell in 1871 and proven experimentally in 1901 by Lebedev 13 and in 1903 by Nichols & Hull 14 ) can be exploited to generate "optical lift" 15 ; And in nature, van der Waals interactions underpin the gecko's remarkable ability to overcome gravity by sticking to walls and ceilings. 16 In recent years it has become clear that plasmonic systems can provide unprecedented control over optical fields on the nanoscale, offering gigantic field enhancement, subwavelength light localization, and strongly enhanced interactions between nano-objects. [17] [18] [19] [20] They present opportunities, for example, to extend/enhance the functionality of optical tweezers/traps 21 and to experimentally investigate the idea that structures with negative refractive indices will experience negative radiation pressure. 22, 23 Here we show that in addition to the conventional, wellunderstood force of radiation pressure a much stronger light-driven near-field force may be generated between an illuminated planar plasmonic metamaterial and a dielectric or metallic surface. This newly identified near-field force has a resonant nature linked to the excitation of the metamaterial's plasmonic mode and acts to close the gap between the metamaterial film and the surface (Fig. 1) . This "optical adhesion" force exists alongside interfacial Casimir forces and can overcome both radiation pressure and, like the gecko toe, gravity.
Within the framework of classical electrodynamics the components of the total time-averaged force F acting on a metamaterial structure illuminated with light can be calculated using a surface integral:
where S is a bounding surface around the metamaterial and T ij is the time-averaged Maxwell stress tensor:
The stress tensor integral equation (1) encompasses both the radiation pressure and near-field force-the focus of this study. It does not include Casimir forces, which are derived from vacuum quantum fluctuation and thus exist even in the absence of illumination. (It will be demonstrated below that the classical electromagnetic force can be much stronger than the Casimir force.)
Radiation pressure arises through transfer of momentum between photons and any surface on which they impinge. It depends on the reflection R and absorption A coefficients of the surface according to the equation F r = (2R + A)P /c, where c is the speed of light in vacuum and P is the power of the incident light, and assumes a maximum value of 2P /c when the reflectivity of a surface is 100%.
In addition to this radiation force, a near-field optical force emerges when a metamaterial is placed in close proximity to another object and the evanescent field of the nanostructure encounters that object. The magnitude of this force depends on how strongly optical energy is trapped in the metamaterial and on the electromagnetic properties of the nearby object. In general, the higher the refractive index of the nearby object is, the stronger the interaction will be and in all cases studied here the near-field optical force is attractive. In what follows, the ratio |F| : P /c is employed as a dimensionless measure of optical force. 25 In the present study, forces acting on metamaterial structures are evaluated via the Maxwell stress tensor integral Eq. (1) with electric E and magnetic H field distributions obtained from fully three-dimensional finite-element Maxwell solver simulations (COMSOL MULTIPHYSICS). This analysis utilizes established experimental values of the complex dielectric parameters for gold, 26 excludes losses in dielectric media, and assumes normally incident, narrowband coherent illumination. By modeling a single "metamolecule" (translation unit cell of the metamaterial design) with periodic boundary conditions, calculations assumed a planar metamaterial array of infinite extent, parallel to the surface of a nearby semi-infinite metal or dielectric. The surface of integration S was defined as a rectangular parallelepiped enclosing the metamolecule, with walls along each of the four periodic boundaries and outside each of the two free surfaces of the metamaterial film. The same numerical model provides data on the transmission T and reflectance R of the structure. In all cases, stress tensor results are verified against independent calculations of force based on the variation with gap size of the total energy trapped in the system. 27 We first consider optical forces between a gold metamaterial film and the surface of a semi-infinite transparent dielectric (Fig. 2) . The metamaterial here is taken to comprise a two-dimensional square array of asymmetric split rings-a popular design recognized for its strong light confinement and simplicity of fabrication. 28, 29 Dimensional details are shown inset to Fig. 2(a) .
For a plasmonic metamaterial both the radiation pressure and near-field forces are resonant [ Fig. 2(b) ]. The dispersion of the radiation pressure force F r is linked to variations in the metamaterial's absorbtion and reflection coefficients [ Fig. 2(a) ] and has a local maximum at a wavelength of 1320 nm corresponding to the reflectivity peak. When the structure is illuminated from free space the radiation pressure F r and near-field evanescent F e forces act in the same direction to reduce the gap h between the metamaterial and the dielectric surface. The evanescent force is resonant at 1370 nm, the wavelength of the absorption peak, and exceeds the radiation force across the entire spectral range from 1210 to 1550 nm, reaching a peak magnitude of approximately 6.7P /c as compared to only 1.2P /c for the radiation force. When light impinges on the sample through the transparent dielectric [ Fig. 2(c) ] the evanescent force acts in opposition to the radiation pressure and again acts to reduce h. In this configuration, if the gold film were unstructured the total light force would push it away from the dielectric surface, but for a metamaterial the attractive near-field force is dominant and pulls the metamaterial film toward the dielectric.
The near-field force is related to the nonpropagating evanescent field of localized plasmons in the nanostructure, which possesses no momentum. As such it does not contribute directly to the momentum balance with incident light; it simply adds to or subtracts from the radiation pressure force depending on the direction of the latter. The evanescent force works to change the energy trapped in the nanostructure when the metamaterial is brought into close proximity with a surface. As the eigenfrequencies of a metamaterial are always redshifted relative to their free-space values when the structure is close to or embedded in another medium with a refractive index exceeding unity, the closest possible presence of such a medium is energetically preferable. As a consequence, the resonant evanescent force between a metamaterial and nearby surface is always attractive.
Both the radiation pressure and evanescent forces are stronger when the metamaterial is illuminated through the dielectric than when light is incident on the structure from free space. In particular, higher values of |F e | (stronger evanescent fields between metamaterial and dielectric) are a consequence the metamaterial's higher absorption coefficient under illumination through the dielectric 30 (the increase in |F e | being proportional to that in A). Figure 3 shows the dependence of total optical force on dielectric refractive index n and gap size h for free-space illumination [as in Fig. 2(b) ]. As the refractive index of the dielectric increases from n = 1 to 4, the magnitude of the optical force increases and the resonance red-shifts. A similar trend is seen with decreasing gap size: At h = 5 nm the evanescent force is 33 times stronger than the radiation pressure. Both trends reflect the strong influence of near-field environment on the metamaterial resonances. 
FIG. 4. (Color online)
Optical forces between a plasmonic metamaterial and a metallic surface. (a) Normal incidence reflection R and absorption A spectra of a 50 nm thick gold metamaterial located at a distance h = 20 nm from a gold surface (incident light propagation in the −z direction as defined inset). The insets show the metamaterial unit cell geometry and a map of the normalized magnetic field intensity distribution at the 1095 nm resonance wavelength for a cross-section along the dashed line in the y-z plane. (b) Evanescent F e , radiation pressure F r , and total optical force F acting on the metamaterial. The inset shows peak optical force as a function of gap size h and the corresponding dependence on h of the Casimir force between two perfectly conducting plates (scaled assuming I = 50 mW/μm 2 ).
Near-field optical forces are even greater at metallic surfaces. In this case we consider a metamaterial comprising a square array of rectangular slots [see inset to Fig. 4(a) ]. With a metallic backplane this structure supports a "magnetic resonance" (where anti-asymmetric currents are excited in the metamaterial and backplane) at which light is trapped [see inset to Fig. 4(b) ] and strongly absorbed. Indeed, similar systems have previously been analyzed for "perfect" absorption applications.
31-33 Figure 4 shows the normal incidence reflection and absorption spectra of the structure and the dispersion of the optical forces acting on the metamaterial film. In this case the magnitude of the total optical force reaches ∼50P /c at the absorption peak around 1095 nm.
It is interesting to compare the enhanced optical forces between a metamaterial and metallic surface with the force of gravity on the metamaterial film. The gravitational force on a 50 nm thick gold film is of order 1 × 10 −14 N/μm 2 .
An optical force of the same magnitude can be achieved between a metallic (gold) surface and a metamaterial 20 nm away when the metamaterial is illuminated at the 1095 nm resonant wavelength at an intensity of around 60 nW/μm 2 . Under such conditions the optical force will be sufficient to pull a metamaterial against gravity toward a surface. At shorter distances the pulling force becomes even stronger but other micro/nanoscale forces also become important. The Casimir force F c = −(π 2h c)/(240d 4 ) between two perfectly conducting plates separated by 20 nm is (at ∼8 nN/μm 2 ) equivalent to the optical force achieved at the same separation between a gold metamaterial and planar gold surface for an illumination intensity I of approximately 50 mW/μm 2 [see inset to Fig. 4(b) ]. However, for a perforated real metal thin film the Casimir force may easily be an order of magnitude smaller than the above estimate, [34] [35] [36] in which case it would be surpassed by the near-field optical force at much lower intensities.
Indeed, as the Casimir and near-field forces depend differently on distance-F c ∝ h −4 (or h −3 for realistic metallic plates at values of h smaller than the metal's plasma wavelength 35 ) while F e ∝ I e −h/a (where a is the characteristic dimension of the nanostructural pattern)-above a threshold value of intensity I there will be a range of distances h where the near-field force is dominant, and this range will broaden with increasing intensity. As a result, the near-field force is likely to prevail where conditions such as surface roughness limit the proximity of two objects.
With regard to the experimental observation of the evanescent force described here, photonic metamaterials can readily tolerate mW/μm 2 illumination intensities under which F e would exceed the gravitational force by several orders of magnitude. The great advantage of this near-field force for nanoscale manipulation is that it depends on both light intensity and wavelength, thereby offering dynamic controllability and spectral selectivity. Such forces could manifest themselves in a variety of resonant structural configurations including, for instance, single metamolecules or plasmonic elements and may serve applications in optical trapping/tweezing and in the control of light with light via optically reconfigurable metamaterials. For example, an optical fiber scanning probe tip capped with a plasmonic metamaterial may be employed to pick up and reposition individual nano-objects; an array of optically switchable adhesion elements may dynamically control patterns of particles/flakes; optically tuning the position of a metamaterial elastically suspended near a metal surface (varying illumination intensity to adjust the balance between near-field and mechanical forces) will deliver broadband changes in the reflectivity of the structure.
In summary, we have demonstrated that the attractive near-field optical forces between a nanostructured plasmonic metamaterial film and a dielectric or metal surface can greatly exceed the associated radiation pressure and outstrip the Casimir forces. This force is sufficient to overcome gravity at illumination intensities of just a few tens of nW/μm 2 .
